Background: HDC catalyzes the rate-limiting step in histamine biosynthesis. Results: A mutation based on the crystal structure of HDC changed the substrate selectivity from L-histidine to L-DOPA. Conclusion: The molecular basis for substrate specificity and recognition of group II PLP-dependent decarboxylases were clarified. Significance: Knowledge of the HDC tertiary structure now makes it possible to design novel drugs that prevent histamine biosynthesis.
Histamine has an important role in a number of physiological reactions. It acts as a neurotransmitter in the central nervous system (1) , chemical mediator of allergic reactions (2) , and activator of various biological processes including gastric acid secretion (3), capillary dilatation, and smooth muscle contraction (2) . Histidine decarboxylase (HDC 3 ; EC 4.1.1.22) catalyzes the rate-limiting reaction in histamine biosynthesis. HDC gene knock-out mice lack histamine almost completely (4) . Inhibition of histamine synthesis in mice, by treatment with an HDC inhibitor or by an HDC gene knock-out, alters the histaminergic neuron-mediated physiological responses, including arousal (5, 6) , appetite (7) , and locomotor activity (8, 9) . Tourette syndrome, a developmental neuropsychiatric disorder, is related to an HDC gene mutation (10) . Outside of the central nervous system, HDC inhibitors are expected to be useful for treatment of type I allergic reactions, gastric ulcers, and inflammation.
Mammalian HDC is a pyridoxal-5Ј-phosphate (PLP)-dependent decarboxylase. Aromatic amino acid decarboxylase (AroDC) is also a PLP-dependent enzyme (11) and functions in the biosynthesis of two important neurotransmitters: dopamine and serotonin. Synthesis of ␥-aminobutyric acid (GABA), another important neurotransmitter, is dependent on two PLP-dependent glutamate decarboxylase (GAD) isoforms: GAD65 (65 kDa) and GAD67 (67 kDa) (12) . PLP-dependent decarboxylases are classified into four groups on the basis of their evolutionary origin (13) , and HDC, AroDC, and GAD are all members of the same group (group II). When compared with AroDC and GAD, the structural study of HDC has been limited because of the difficulty in handling the enzyme and the low amount of HDC in examined tissues.
Mammalian HDC cDNA encodes a 74-kDa polypeptide. Taguchi et al. (13) and Ohmori et al. (14) purified HDC from fetal rat liver and mouse mastocytoma P-815 cells, respectively. The molecular mass of both HDCs was estimated to be 53-54 kDa, which is ϳ20 kDa smaller than the size estimated from the full-length cDNA. The difference in the molecular mass was explained by post-translational processing that truncates a C-terminal region of ϳ20 kDa. The C-terminal truncated 54-kDa form of human recombinant HDC possessed sufficient catalytic activity to support histamine synthesis (15) . Therefore, the C-terminal truncated HDC is considered as an active form. Purification of the active HDC has been investigated by several research groups; however, large scale preparation is difficult even for the recombinant protein (16) .
The mechanisms underlying substrate recognition and high substrate specificity at the active site as well as the catalytic mechanism of HDC remain to be clarified. The existence of a loop region in HDC has been suggested, which is thought to play an important role in catalysis (17) . A site-directed mutagenesis study focusing on the loop region showed that the conformation of the loop significantly affects enzyme activity (17) . Further structural analysis is required to clarify the role of the loop region in HDC catalysis.
Many histidine derivatives have been tested to identify potent inhibitors of HDC (18, 19) . ␣-Fluoromethyl histidine (18) and histidine methyl ester (HME) (19) were both found to be potent HDC inhibitors more than three decades ago. However, neither agent has been clinically used. Epigallocatechin gallate from green tea (20) and pyridoxyl histidine methyl ester (21) were recently found to act as potent HDC inhibitors; however, the possibility of side effects, in vivo efficiency, and specificity for HDC of these inhibitors have not been assessed, making them unavailable for clinical use. Detailed information on the structure of HDC would facilitate the development of HDC inhibitors with high affinity and specificity.
Recently, we identified two cysteine residues that induce oligomerization of HDC (22) . The replacement of these cysteine residues with serine residues prevented the oligomerization, enabling us to prepare a homogeneous sample appropriate for crystallization (22) . Here, we have determined the crystal structure of the active PLP-dependent human HDC (hHDC) complexed with HME. Our results provide the first insight into the substrate specificity of PLP-dependent HDC.
EXPERIMENTAL PROCEDURES
Preparation of C-terminal Truncated hHDC and Its MutantshHDC cDNA was obtained from a plasmid previously constructed for the expression of hHDC in Escherichia coli (23) . An active form of recombinant human HDC, i.e. a C-terminal truncated form (23, 24) , was prepared as described in our previous study (22) . The amino acids of the C-terminal truncated HDC were from 2 to 477 (hHDC ). hHDC 2-477 mutants were made using standard molecular biology procedures and verified by sequencing. Each mutant enzyme was expressed as a glutathione S-transferase (GST) fusion protein according to the procedures described in our previous study (22) . After digestion by PreScission Protease (GE Healthcare) to cleave off the GST tag, the untagged enzymes were purified using anion-exchange chromatography. Absorption spectra were recorded on a V-660 spectrophotometer (Jasco International Co., Tokyo, Japan) with a 10-mm path length quartz cuvette, at room temperature.
Structure Determination and Refinement-Protein crystallization protocols have been previously described (22) . hHDC was mixed with a 10-fold molar excess of the inhibitor HME. Crystals were obtained at 20°C with a reservoir solution containing 0.1 M Tris-HCl (pH 8.5), 28% (w/v) PEG 3350, and 0.2 M lithium sulfate. Protein droplets were prepared by mixing 1 l of protein solution containing 10 mg ϫ ml Ϫ1 hHDC, 0.1 mM PLP, and 2 mM HME with 1 l of reservoir solution and were equilibrated against 100 l of reservoir solution at 20°C. X-ray diffraction data sets were collected with an x-ray CCD detector (Rayonix MX225HE), using a synchrotron radiation source at the BL44XU beamline at SPring-8 (Harima, Japan). Diffraction images were processed with the HKL2000 (25) and CCP4 (26) programs. The structure was solved by the molecular replacement method implemented in the PHASER crystallographic software (27) by using the structure of AroDC (Protein Data Bank (PDB) code: 1JS6) as the primary search model. The model was completed manually using COOT (28) , interspersed with reciprocal space refinement cycles in REFMAC5 (29) . Further model building and refinement of the structure were carried out with the COOT (28) and REFMAC5 (29) programs. Progress and validity of the refinement process were checked by monitoring the R free value for 5% of the total reflections (30) . Model geometry analysis with the MolProbity server (31) showed 97.6% of all residues in Ramachandran-favored regions. The data collection and refinement statistics are summarized in Table 1 . The figures were prepared with PyMOL (44) using the coordinates from PDB files 1JS6 and 1JS3 for the pig AroDCcarbiDOPA complex and 2OKJ for human GAD (GAD67), respectively.
Activity Assay-Enzyme activity was assayed on the basis of previous studies with minor modifications (14) . The assay mixture (0.4 ml) contained L-histidine or L-DOPA, 0.1 mM dithiothreitol, 0.01 mM PLP, and enzyme in 0.1 M potassium phosphate (pH 6.8). The reaction was carried out at 37°C and terminated by adding 0.02 ml of 60% perchloric acid. Histamine or dopamine formed during the incubation was separated from the substrate on a TSKgel Histaminepak column (Tosoh, Tokyo, Japan) by HPLC and then fluorometrically measured using the o-phthalaldehyde method (32) . The enzyme concentration in the solution was determined spectrophotometrically. The apparent molar extinction coefficient used was 7.83 ϫ 10 4 M Ϫ1 ϫ cm Ϫ1 at 280 nm. This value was determined on the basis of the amino acid sequence of hHDC from residues 2-477. For the LC-MS/MS sample, 50 l of the assay mixture contained 0.1 mM L-DOPA, 0.1 mM dithiothreitol, 0.01 mM PLP, and enzyme (S354G mutant) in 0.1 M potassium phosphate (pH 6.8). The reaction was carried out at 37°C for 10 min and terminated by adding 150 l of H 2 O and 800 l of acetonitrile with 1% (v/v) formic acid.
LC-MS/MS Analysis-Dopamine was analyzed using an electrospray ionization quadruple tandem mass spectrometer (API-3000, Applied Biosystems) connected to an Agilent HP 1100 HPLC system. A ZIC-HILIC column (150 ϫ 2.1 mm, 5-m particle size) (Merck) was used to separate dopamine from L-DOPA. To reduce possible contamination of the ion source, the flow was separated by a Valco switching valve using the following program: 0 min (waste), 10 min (mass), 15 min (waste). The gradient condition and other parameters used for MS/MS experiments are shown in supplemental Table S1 .
Limited Proteolysis-Purified hHDC 2-477 (25 l, 2.5 mg ϫ ml Ϫ1 ) was incubated at 25°C with trypsin (0.4 g ϫ l Ϫ1 ) either in the absence or in the presence of 5 mM HME. Before and at different times after trypsin addition, aliquots of the proteolysis reaction were withdrawn and monitored by polyacrylamide gel electrophoresis in the presence of SDS on 5-20% gels, which were stained with Coomassie Brilliant Blue.
RESULTS
Overall Structure-We constructed an E. coli system that expresses a C-terminal truncated form, specifically, amino acid residues 2-477 of hHDC (hHDC ) (supplemental Fig. S1 ). Mutation of two cysteine residues (C180S and C418S) facilitated the purification and crystallization of hHDC (22) . From the aspect of enzyme kinetics, both hHDC 2-477 and the double mutated hHDC showed similar K m and k cat values (see Table 2 ), indicating that mutation of these two cysteine residues did not affect enzyme activity. This truncated mutant (hHDC) was crystallized with HME. The final model contained all 476 amino acid residues of hHDC and had acceptable R-factors and stereochemistry ( Table 1 ). The asymmetric unit contained three hHDC dimers with almost identical structures, although some disordered regions were present.
The overall structure of hHDC is shown in Fig. 1 . The hHDC structure was obtained as a homodimer, and the two monomers of the dimer were related by a noncrystallographic two-fold axis. Each hHDC monomer could be divided into three structural domains: an N-terminal (2-71) domain, a large (71-371) domain, and a small (372-477) domain. The large domain was connected to the small domain by a long ␣-helix. The dimer interface was formed by the N-terminal and large domains, producing a stable dimeric structure. The N-terminal regions formed extensive hydrophobic interactions with the other subunit, whereas the large domains formed mainly water-mediated electrostatic interactions with the other subunit. On the basis of the information from the crystal structure, the PLP-binding site and loop region of hHDC were investigated.
PLP-binding Site-The cofactor PLP was located in the large domain. The pyridine ring of PLP was sandwiched between the methyl group of Ala-275 and the imidazole ring of His-194. Asp-273 and Thr-248 seemed to interact with the protonated nitrogen and O3 atoms of the pyridine ring of PLP (supplemental Fig. S2 ). The phosphate group of PLP was involved in a number of hydrogen bonds with Ser-151, Asn-302, and Ser-354 (Fig. 2) . In addition, the negative charge of the phosphate group interacted with the dipole of helix ␣5, which was positioned with its N terminus close to the phosphate group.
The electron density map clearly showed the atom position for HME (Fig. 2) . hHDC and HME appeared to interact at two sites: at the imidazole ring-and carboxyl ester-binding regions. The imidazole ring of HME pointed toward the si-face of the PLP-HME aldimine. N␦ and N⑀ of the imidazole ring appeared to participate in hydrogen-bonding interactions with the backbone amino group of Tyr-81 and a water molecule, respectively. Except for two hydrogen bonds, the imidazole ring was surrounded by hydrophobic residues (Trp-72, Tyr-80, Leu-102, and Phe-104). The orientation of the imidazole ring of HME was tentatively assigned by their hydrogen-bonded neighbors. OG of Ser-354 was located within van der Waals proximity to the imidazole ring of HME (Fig. 3A) . Interestingly, flipping of the imidazole ring allowed the formation of hydrogen bonds with Ser-354 and the carbonyl group of Tyr-81, instead of the water molecule and amino group of Tyr-81, respectively. The carboxyl ester of HME was located at the hydrophobic pocket (Tyr-80, Phe-104, Thr-248, Tyr-334, Leu-335, and Leu-353). His-194 was found within hydrogen-bonding distance of the carboxyl oxygen.
AroDC, a group II decarboxylase similar to HDC, has been crystallized as a complex with carbiDOPA (11). The structure around the substrate-binding pocket of hHDC-HME was compared with that of AroDC-carbiDOPA, and the conformation of the inhibitors in the substrate-binding pockets was quite similar (Fig. 3B ) except for the residue at position 354 in the substrate-binding pocket. This is a serine residue found in hHDC and glycine in AroDC. The hydrophobic residues found in the substrate-binding pocket of hHDC were well conserved in AroDC. The Ser-354 residue was expected to affect substrate selectivity of hHDC. A mutagenesis study was performed for further investigations.
The S354G mutant hHDC was prepared for enzyme kinetic analysis. hHDC and S354G mutant enzymes were purified to apparent homogeneity with molecular masses of ϳ50 kDa by SDS-PAGE (supplemental Fig. S3 ). hHDC and the S354G mutant exhibited similar absorption spectra (Fig. 4) with two absorption bands at 335 and 425 nm, which are typically observed for PLP-dependent enzymes. The kinetic analysis showed notable differences between hHDC 2-477 and the S354G mutant. When L-histidine was used as the substrate, the K m of the S354G mutant increased ϳ10-fold when compared with that of hHDC , whereas k cat values for both enzymes were similar, resulting in a decrease of k cat /K m values for the S354G mutant (Table 2 ). These data indicate that mutation of Ser-354 decreased the affinity between the enzyme and histidine.
LC-MS/MS ion chromatograms were obtained to confirm dopamine production for the S354G mutant (Fig. 5) . Dopamine was produced during the reaction of the S354G mutant with L-DOPA. The enzyme kinetic parameters of dopamine production by hHDC or the S354G mutant were examined (Table  2 ). Low activity of hHDC prevented us from determining the K m and k cat values. In contrast, the activity of the S354G mutant was high enough to determine the K m and k cat values. The K m and k cat values for the S354G mutant of hHDC were similar to those of human AroDC (0.11 mM and 7.6 s Ϫ1 , respectively) (33), pig AroDC (0.070 mM and 4.26 s Ϫ1 , respectively) (34) , and rat AroDC (0.086 mM and 5.0 s Ϫ1 , respectively) (35) . k cat /K m values for L-DOPA were ϳ7 times larger than those for L-histidine ( Table 2 ), indicating that the S354G mutant showed higher specificity for L-DOPA than L-histidine.
Loop Region-The loop region (amino acid residues 330 -340), including a short 3 10 -helix, was shown to connect helices ␣11 and 9 and protruded from the large domain to the active site of the other subunit of the dimer (Fig. 6 ). This loop also appeared to be located proximal to the neighboring active site, enabling residues in the loop to participate in PLP binding and the formation of the active site entrance. Tyr-334 on the short 3 10 -helix in the loop region formed a hydrogen bond with the backbone amino nitrogen of Ser-195 of the other subunit (Fig.  2) . Except for Tyr-334 and water-mediated interactions, no direct electrostatic interactions were found between the loop and the large domain.
Limited proteolysis was performed for hHDC in the presence or absence of an inhibitor, which showed that the inhibitor-free enzyme was more easily degraded than the inhibitor-bound complex (Fig. 7) . The molecular masses of the proteolytic fragments, estimated by SDS-PAGE, were 37 and 15 kDa. These fragments correspond to proteolysis around the loop region (residues 328 -339). The estimated molecular masses of residues 2-336 and 337-477 are 37.5 and 16.2 kDa, respectively. The degradation probably occurred in the loop region of the inhibitor-free enzyme.
The role of Tyr-334, a characteristic residue in the loop, was investigated by mutagenesis. The Y334F mutant of hHDC was prepared, and its purity and molecular mass are shown in supplemental Fig. S3 . The Y334F mutant exhibited two absorption bands at 335 and 425 nm (Fig. 4) , suggesting the formation of a Schiff base between PLP and the active-site lysine residue. The Schiff base is considered critical for catalysis by PLP-dependent enzymes. Despite this, the enzyme activity of Y334F was far less than that of hHDC . The histamine level produced by the Y334F mutant was below the detection limit of the instrument ( Table 2 ). The K305G mutant was prepared for comparison with the Y334F mutant. The K305G mutant did not exhibit absorption bands ϳ330 -430 nm (Fig. 4) . As expected, the enzyme activity of the K305G mutant was negligible; the histamine level produced by the K305G mutant was also below the detection limit of the instrument (Table 2 ). These data indicate that the effect of Tyr-334 on histamine synthesis was comparable with Lys-305. Tyr-334 plays a critical role in the catalytic reaction of hHDC .
DISCUSSION
In this study, we performed x-ray crystallographic and enzyme kinetics analyses on hHDC, the active C-terminal truncated double-mutated human HDC. Our data showed that 1) Ser-354 is a key residue for substrate specificity and 2) the flexible loop (amino acid residues 330 -340) participates in the catalytic reaction of histamine synthesis.
Substrate Specificity-The imidazole ring of HME is surrounded by hydrophobic residues (Trp-72, Tyr-80, Leu-102, and Phe-104) and participates in hydrogen-bonding interactions with the backbone amino group of Tyr-81 and a water molecule (Fig. 3A) . This conformation was similar to the PLPcarbiDOPA adduct observed in the crystal structure of AroDC (Fig. 3B) . CarbiDOPA is an anti-Parkinson drug and is an inhibitor of AroDC. Because carbiDOPA has an ␣-hydrazino group with an extra nitrogen atom, it was expected to adopt a significantly different conformation from that of the substrate-PLP reactant. However, the two different types of inhibitors shared the same conformation (Fig. 3B) . The position and orientation of the imidazole ring and the catechol ring of the substrate were almost identical in the crystal structures of hHDC-HME and AroDC-carbiDOPA (Fig. 3B) .
One notable difference in the substrate-binding pockets of hHDC and pig AroDC was Ser-354. To elucidate the effect of the mutation at Ser-354 on catalytic activity, the enzymatic kinetic parameters of the mutant and original enzymes were determined. We observed that when serine 354 was substituted with glycine, the affinity between the enzyme and substrate decreased ϳ10-fold according to K m values (Table 2) ; these results suggested that Ser-354 is critical for forming a part of the substrate-binding pocket. Furthermore, decarboxylase activity of the S354G mutant on L-DOPA, an aromatic substrate, was higher than that of hHDC (Table 2) . This large increase in the mutant activity is attributable to the reduced steric hindrance between the enzyme and the bulky aromatic substrate (six-membered ring). The substrate-binding pocket of AroDC can accommodate substrates with variable side chains consisting of a six-membered ring, whereas that of HDC can provide a pocket that favors binding of histidine, an amino acid with a five-membered ring side chain. With this specificity, the enzyme might be able to exclude amino acids such as L-DOPA and tyrosine that contain a six-membered ring.
The change in substrate specificity of the S354G mutant strongly suggests that the orientation of HME in the present crystal structure reflects the orientation of histidine in the PLP- Human rHDC, mouse HDC, rat HDC, and rat rHDC represent human recombinant HDC of amino acids 1-477, HDC purified from mouse mastocytoma P-815 cells, HDC purified from fetal rat liver and rat recombinant HDC of amino acids 1-512, respectively. Human rAroDC, pig rAroDC, and rat rAroDC represent human recombinant AroDC, pig recombinant AroDC, and rat recombinant AroDC, respectively. All these were full-length AroDC. binding site during catalysis. The side chain of histidine would be buried in the interior pocket (si-face of the PLP aldimine), and the carboxyl ester group of histidine would be on the other side of the pocket (re-face of the PLP aldimine). The carboxyl ester group would be nearly perpendicular to the pyridoxal ring of PLP, 4 facilitating the reaction according to the Dunathan hypothesis (36) . PLP in this conformation may act as an electron sink that can stabilize the negative charge produced during 4 We compared the structure of ␣-oxamine synthase (AONS) to that of HDC because both HDC and AONS share a similar orientation of the substrate carboxylate group to PLP and interaction with a corresponding His residue, but still catalyze different reactions. In the case of AONS, belonging to the same fold type as group II decarboxylases, the surrounding environment around the carboxylate group is completely different from that of HDC. In addition, AONS lacks the loop region. Thus, the catalysis mechanism of HDC will be different from that of AONS (45). the transition state of decarboxylation (Fig. 8 ). Previous simulation studies based on rat HDC suggested that histidine binds to PLP with the side chain on the re-face of the PLP cofactor (37) . The reason for the difference between the present study and the previous simulation is not clear, but this difference might explain why the catalytic efficiency was remarkably different between hHDC 2-477 and rat HDC as shown in Table 2 .
Role of the Loop-Another notable finding in the present crystal structure is that the entrance of the PLP-HME-binding site was covered by the loop region, which restricts access of the substrate to the PLP cofactor. Only weak interactions were observed between the loop and the substrate-binding region of the large domain, thus making the loop inherently flexible. A limited proteolysis experiment (Fig. 7) suggested that the loop is flexible in the inhibitor-free form of the enzyme (38) . The entrance of the PLP-HME-binding site is formed by five hydrophobic residues (Tyr-80, Phe-104, Tyr-334, Leu-335, and Leu-353). The carboxyl ester of HME is located at the entrance of the substrate-binding site. Residues Tyr-334 and Leu-335 are within the flexible loop, which appears to provide a solventshielded cavity. This kind of solvent shielding facilitates the conversion of carboxylate to the less hydrophilic CO 2 product.
In addition to this solvent-shielding activity, the hydroxyl group of Tyr-334 in the flexible loop, which is highly conserved among group II decarboxylases (39, 40) , appears to act as a possible proton donor to the negatively charged C␣ atom in the transition state (Figs. 2 and 8) . The hydroxyl group of Tyr-334 can be positioned close enough to the C␣ atom of HME by rotating around the C␣-C␤ bond. The substitution of tyrosine with phenylalanine at position 334 resulted in loss of decarboxylation activity (Table 2) . A previous enzymatic assay of rat HDC has shown that not only Tyr-334 but also the surrounding loop region affects catalytic activity (17) . Pro-332, Tyr-334, and Leu-335 are located in the flexible loop that takes part in hydrophobic interactions. These mutations are likely to disrupt hydrophobic interactions and consequently destabilize the loop structure and the position of Tyr-334. The hHDC nonsense mutation W317X, which causes a deletion of the loop region, was found to be associated with Tourette syndrome (10) .
The flexible loop in the inhibitor-bound form of hHDC is well ordered and clearly assigned in the electron density map, whereas amino acids 328 -339 (corresponding to the flexible loop) of AroDC were mostly disordered and lacked electron density (11) . In the case of GAD, the mobility of the flexible loop of GAD65 promoted a side reaction, resulting in auto-inactivation (41) . The position of an important tyrosine (corresponding to Tyr-334 in hHDC) has not been identified in the AroDC structure, and the substitution of the corresponding tyrosine with phenylalanine resulted in suppression of decarboxylation activities (42) . Taken together, these findings indicate that the loop of PLP-dependent decarboxylases should be positioned near the substrate-binding site when this loop is involved in the catalytic reaction as a proton donor and lid for solvent shielding.
Possible Drug Design-HDC may become a drug target for the development of allergy treatments. Understanding the structure of HDC is an essential starting point for the design of potent and specific inhibitors of hHDC. Here, we presented a crystal structure of hHDC. Our results showed detailed structural information on the substrate-binding site. Furthermore, the flexible loop region was found to be important for the reaction catalyzed by HDC like other decarboxylases in this family. Despite the lack of structural similarity between histidine and epigallocatechin gallate, epigallocatechin gallate has been reported to inhibit HDC activity (20, 43) . Although the mechanism of this inhibition remains unclear, epigallocatechin gallate might inhibit histamine synthesis by binding to HDC, possibly via the flexible catalytic loop. Inhibitors designed to block the flexibility of the catalytic loop might be potential candidates for drugs that can block histamine synthesis. 
